This paper presents results of studies of the effects of thermal-neutron radiation on endosperm mutations in maize. Mutations were identified as expressions of the recessive genotype following irradiation of pollen from the dominant type. The principal objectives were (1) to study and compare the rates of mutation of several genetic characters as influenced by different doses of thermal-neutron radiation and (2) to collate these with frequencies of similar mutations induced by X-rays and ultraviolet radiation.
This paper presents results of studies of the effects of thermal-neutron radiation on endosperm mutations in maize. Mutations were identified as expressions of the recessive genotype following irradiation of pollen from the dominant type. The principal objectives were (1) to study and compare the rates of mutation of several genetic characters as influenced by different doses of thermal-neutron radiation and (2) to collate these with frequencies of similar mutations induced by X-rays and ultraviolet radiation.
Several studies in which the mutagenic effects of thermal neutrons and X-rays are compared have already appeared in the literature. Of these, the most extensive appear to be those of Conger and Giles' on Tradescantia and of Caldecott et al.2 on barley.
MATERIALS AND METHODS
Stocks.-Two homozygous inbred tester shocks of Zea mays L. were used in these experiments. One of these, BNL 130, carried the dominant genetic loci A, B, Pl, C, R2, Pr, Su, Sh, and Wx. Pollen of this stock wag used for the irradiations. The seed parent, BNL 3, carried the dominant loci A and C but was recessive b, pl, r°, pr, su, sh, and wx.
Radiation Sources.-Thermal-neutron exposures were made in the thermal column of the Brookhaven National Laboratory nuclear reactor. The cadmium ratio for the facility (ratio of thermal to fast neutrons) was greater than 5,000: 1; inherent gamma contamination was about 115 r/hour. X-rays were obtained from a G.E. Maxitron "250" X-ray unit, operated at 250 kvp., 30 ma. The radiation was filtered by 1-mm. aluminum, and the dose rate approximated 800 r per minute. Ultraviolet radiation was from G.E. mercury-vapor (germicidal) lamps in a chamber designed for exposure of pollen from above and below at the same time, under controlled conditions. Radiation Dosages. with a galvanometer and a phototube. The phototube was exposed only to a small strip of willemite which fluoresced on exposure to light. The ultraviolet output of the lamps was determined as the difference between the energy which passed through ordinary window glass to the willemite and the total light energy which passed through pure quartz.
Procedures.-The tester stocks were grown in fields widely separated from each other. The recessive tester stock, BNL 3, was kept detasseled throughout the entire pollinating season to avoid possible sib contaminations. Pollen for the X-ray and 78 thermal-neutron exposures was sifted through a fine sieve to remove extraneous material and then placed in small plastic vials. The vials of pollen were then exposed to the radiation. In the ultraviolet radiation treatments a single layer of pollen was carefully sifted onto the center 8 inches of the 12-inch-long, 1-inch-wide quartz slide used in delivering the radiation in the chamber. After exposure, pollen was tapped off the slide to a sheet of paper, and from. there the pollen was transferred to the plastic vials used in pollinating. entire chromosomal losses, mutation of maize endosperm loci (whole endosperm mutaIt is most probable, however, tions). that the latter classes, including deficiencies, represent the principal types of genetic changes induced.
RESULTS
The response of endosperm loci R, Pr, Su, and Sh to increasing dosage of thermal neutron radiation is shown graphically in Figure 1 . For purposes of comparison, the frequencies of similar whole endosperm mutations induced by a limited number of doses of X-rays and of ultraviolet radiation are shown in Figures 2 and 3 , respectively. Since partially mutant endosperms occurred in the radiation treatments, these rates are given along with those for whole endosperm mutants (Table  1) . It is evident from the mutation curves that the mutation rates for the endosperm loci are different at corresponding radiation doses. The R to r mutation increases linearly with thermal-neutron dose. No upper limit appears to have been reached for the frequency of these mutants over the dosage range studied. The X-ray data suggest that R responds similarly to this radiation, but the ultraviolet data differ in that, at the highest dosage, the mutation of R to the phenotype r shows a leveling-off. The mutation responses of Pr to pr and Su to mu are similar for all three radiation types, even though the frequency of su endosperms for each dose is slightly lower than that of pr endosperms. With the thermal-neutron treatments, a sufficient coverage of the dose-response curve endosperms were also wx. Shrunken endosperms in the thermal-neutron treatments were less frequently waxy than in the X-ray or ultraviolet treatments.
DISCUSSION
Our mutation tests show that thermal-neutron radiation is an effective-mutagenic agent. This is evident from the data of other workers.'-3 The effects of the different types of radiations studied here appear to be remarkably similar. Such close similarities were not anticipated. However, certain dissimilar effects were observed, and they are noteworthy. It was found that different genetic factors respond quite differently to radiation. In order to discuss this phenomenon with adequate data, the thermal-neutron results will be more fully examined. For example, the mutation of the endosperm phenotype R to r appeared to increase linearly with thermal-neutron dose. Other endosperm mutations, while showing a similar linear response to lower levels of thermal-neutron radiation, showed smaller increments of mutation at the higher dosages, suggesting a "saturation" effect. This was particularly true for the endosperm factor 8hrunken (Sh). For this locus the frequency of mutations increased only slightly beyond the level reached with 12.8 X nuclei contributed by the female parent, and one would expect that unions in which even fairly large chromatin losses have occurred would prove viable. Weatherwax5 discussed this earlier. Thus the possible inviability of any one type of mutant is an unlikely explanation of the different mutation responses observed. It may be presumed that most of the changes studied here are due to chromosomal or genic deficiency, since cytological studies indicate that this is the case for most Xray-and many ultraviolet-induced mutations. 6 The waxy character of the starch in most of the shrunken endosperm mutants suggests that the chromosome deficiency induced is quite large and probably involves the loss of the entire short arm of the chromosome (Table 1 , sixth column). It has been indicated that heterochromatic regions of chromosomes are more sensitive to X-ray and ultraviolet breakage than are euchromatic regions. Thus the fact that the centromere region of chromosome 9 is bounded by heterochromatin may account for the greater frequency of breaks produced between the centromere and Wx as compared with breaks produced distal from that locus. Similar correlation of greater X-ray breakability with heterochromatic regions was also noted in maize by Longley8 and in Drosophila (see Hannah9). The slight difference between the frequency of waxy shrunken mutants in the thermal-neutron and X-ray or ultraviolet treatments may or may not indicate qualitative differences between the biological effects of these radiations. In fact, it is surprising that ultraviolet radiation, which is believed to produce its genetic effects through photon absorption by nucleic acid of the chromosome, most frequently breaks the same regions that are broken most frequently by X-rays.
Previous studies have indicated that chromosome breaks or mutations are linearly related to thermal-neutron dose.1' 2 The present data agree with this only in part, since the response obtained with certain genetic factors is linear through the range of the lower dosages but becomes nonlinear as the range is extended. Similarities and differences in the response of linked endosperm factors to X-rays, thermal neutrons, gamma rays, and ultraviolet have been observed in a study reported in another paper. 10 Mutation curves obtained in studies with maize that was continuously exposed to gamma radiation also possess similarities to those presented here but suggest that there may be a curvilinear mutation-dose response between certain lower dosage levels." Experiments with developing pollen exposed to gamma radiation show that the same genetic factors that are studied here also vary in their mutability at different stages in gametogenesis. 12
SUMMARY
The mutation response of endosperm factors R, Pr, Su, and Sh to thermalneutron dosage was studied. The data obtained were compared with those from similar experiments using X-rays and ultraviolet radiation. Individual differences in the mutational responses of the genetic factors were observed, but the similarity in the responses of these factors to three very different radiations studied was especially noteworthy. Forell introduced, for holomictic lakes of sufficient depth to exhibit thermal stratification, a threefold classification in which the following categories were recognized: polar lakes, never at any point over 40 C., inversely stratified under ice in winter and circulating in summer; temperate lakes, inversely stratified in winter, directly stratified in summer, and circulating twice a year at about 4°C.; and tropical lakes, always at every point above 40 C., circulating in winter and directly stratified in summer.
The terminology has been long considered inappropriate, as many of the finest examples of Forel's tropical type occur in western Scotland and in British Columbia, regions far outside the tropics, while, of the few polar lakes studied, more occur at high altitudes in temperate and tropical latitudes than within the Arctic Circle. It has also become apparent, since the magnificent work of Ruttner2 in Indonesia, that the typical lake of the humid tropics at low altitudes circulates rarely, in an irregular manner, not at a specific season but when exceptional periods of cool weather permit sufficient heat loss at the surface to cause instability. This presumably happens at intervals of length greater than that of a year.
Recently one of us (H. L.) has had the opportunity to study lakes in equatorial latitudes but at great altitudes, in the Andes. Although at low altitudes in the humid tropics small temperature gradients can maintain stable stratifications, no stable stratification develops at the low temperatures of high altitudes, where the density difference per degree centigrade is very small. The lack of seasonal variation, that permits almost perennial stratification at low altitudes in equatorial latitudes, thus permits perennial circulation at high altitudes in the same latitudes.
We propose for these two types of equatorial lake the terms oligomictic and polymictic, respectively. For the three categories of Forel's classification the terms cold monomictic, dimictic, and warm monomictic have been used by one of us (G. E. H.) in a forthcoming extensive work on limnology.3 The theoretical scheme (Fig. 1) may be completed by recognizing for the very rare perennially ice-covered
